Using the Nitrification Inhibitor Nitrapyrin in Dairy Farm Effluents Does Not Improve Yield-Scaled Nitrous Oxide and Ammonia Emissions but Reduces Methane Flux by Pérez Castillo, Ana Gabriela et al.
ORIGINAL RESEARCH
published: 11 March 2021
doi: 10.3389/fsufs.2021.620846
Frontiers in Sustainable Food Systems | www.frontiersin.org 1 March 2021 | Volume 5 | Article 620846
Edited by:
Giuseppina Rea,






Bangor University, United Kingdom
Carmen Gonzalez-Murua,






This article was submitted to
Crop Biology and Sustainability,
a section of the journal
Frontiers in Sustainable Food Systems
Received: 23 October 2020
Accepted: 03 February 2021
Published: 11 March 2021
Citation:
Pérez-Castillo AG, Arrieta-Méndez J,
Elizondo-Salazar JA,
Monge-Muñoz M, Zaman M and
Sanz-Cobena A (2021) Using the
Nitrification Inhibitor Nitrapyrin in Dairy
Farm Effluents Does Not Improve
Yield-Scaled Nitrous Oxide and
Ammonia Emissions but Reduces
Methane Flux.
Front. Sustain. Food Syst. 5:620846.
doi: 10.3389/fsufs.2021.620846
Using the Nitrification Inhibitor
Nitrapyrin in Dairy Farm Effluents
Does Not Improve Yield-Scaled
Nitrous Oxide and Ammonia
Emissions but Reduces Methane Flux
Ana Gabriela Pérez-Castillo 1*, Jimmy Arrieta-Méndez 2, Jorge Alberto Elizondo-Salazar 2,
Mayela Monge-Muñoz 1, Mohammad Zaman 3 and Alberto Sanz-Cobena 4
1 Environmental Pollution Research Center, University of Costa Rica, Montes de Oca, Costa Rica, 2 Alfredo Volio Mata
Experimental Station, University of Costa Rica, Ochomogo, Costa Rica, 3 Joint FAO/IAEA Centre of Nuclear Techniques in
Food and Agriculture, Soil and Water Management and Crop Nutrition Section, International Atomic Energy Agency, Vienna,
Austria, 4Department of Chemistry and Food Technology, Research Center for the Management of Environmental and
Agricultural Risks, Polytechnic University of Madrid, Madrid, Spain
The application of dairy farm effluents (DFE) without previous treatment in paddocks was
intensified due to the approval of this practice in Costa Rican legislation since 2012.
Applying DFE instead of synthetic N fertilizer in grasslands is an opportunity to reach a
circular economy; however, this practice increases the risk of emissions of nitrous oxide
(N2O), methane (CH4), and ammonia (NH3), which contribute to global warming. A field
experiment was carried out using a permanent grassland (90% Star grass and 10%
Kikuyo grass) to simultaneously assess the effect of nitrapyrin on yield-scaled emissions
of NH3, CH4, and N2O. The experiment lasted for 5 months in 2017, based on a
randomized complete block design, including three treatments of control (CK) without
N application, surface application of DFE with nitrapyrin (SNI), and without nitrapyrin
(S). Total N applied was 149 ± 12 kg N ha−1 for both S and SNI treatments split
into five applications. CH4 emissions from S, SNI, and CK showed a high temporal
variation. Daily fluxes of CH4 from SNI were significantly lower than those of S in August
(P < 0.05). Cumulative emissions of CH4, the majority produced in the soil, ranged from
4 to 168 g ha−1 for S, and from −13 to 88 g ha−1 for SNI. The ratio between the N2O
cumulative emissions and the N applied as DFE were 1.6 ± 0.5 and 1.7 ± 0.2% for S
and SNI, respectively. NH3 volatilization potential was very low (i.e., 0.6 ± 0.2% of the N
applied). Under the prevailing experimental conditions, no significant difference between
yield-scaled NH3 and N2O emissions were found between S and SNI, suggesting that
nitrapyrin may not be a viable mitigation option for gaseous N losses fromDFE application
in Costa Rican grasslands in rainy season.
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INTRODUCTION
The profitability of milk production in the tropics is mainly based
on animal feeding practices and the management of pastures,
which are the most cost-effective source of nutrients (Borges
et al., 2012). Strategic fertilization of the pasture is essential to
obtain high yields as well as nutritional quality of tropical grasses
(Johnson et al., 2001). In the last 20 years, the Costa Rican
dairy sector has undergone specialization and intensification
processes, leading to an increase in production of slurry, dairy
farm effluents (DFE), and farm yard manure (Salas-Camacho
and Uribe-Lorío, 2008; Elizondo-Salazar and Jiménez-Castro,
2014; Iñamagua et al., 2016; MAG, 2019). This intensification
process has kept grazing as the main management system of
dairy farms (dual purpose 94% and specialized dairy 79%)
where the slurry collection is limited to the milking periods
(INEC, 2020). In general, in these systems, urine and dung are
combined with washing water and collected in systems open
to the environment. Under these management conditions, the
majority of milking areas end up with DFE as waste. DFE
application without previous treatment in the Costa Rican
paddocks is allowed by national legislation since 2012, and
it is an alternative used by producers to get their operation
permit (MAG, 2012; INEC, 2020). In a circular economy model,
this alternative practice reduces the costs related to waste
treatment processes and minimize the use of synthetic fertilizer,
which are advantageous from an ecological and economic
point of view. This practice could however, lead to other
environmental issues such as emissions of GHGs, ammonia, and
pollution of water bodies (Rodhe et al., 2006; Fangueiro et al.,
2015a; Huertas et al., 2016; Regueiro et al., 2016; Owusu-Twum
et al., 2017; Franco et al., 2019).
N2O, with high global warming potential (GWP 265
for 100-year time horizon), plays a central role in the
depletion of stratospheric ozone (Ravishankara et al., 2009;
Myhre et al., 2013). Emissions of NH3 contribute indirectly
to global warming when NH3 is transformed into nitrate
(NO3− ) through nitrification (Saggar et al., 2013) and induce
soil acidification and eutrophication of natural ecosystems
after deposition. Along with its impact on climate and
environment, NH3 has an adverse effect on air quality and
therefore on human health because it is a precursor for
secondary organic aerosols and contributes to particle formation
(Zhu et al., 2015).
In Costa Rica, Arndt et al. (2020) measured pasture NH3
emissions from excreta deposited by grazing cattle plus the
subsequent application of DFE using a micrometeorological
integrated horizontal-flux mass-balance method. They reported
the emission factors (EFs) of 3.9 ± 2.1 and 4.2 ± 2.1% (mean
± 95% CI); the first one for excreta deposited on pasture
and the second one for excreta both deposited on pasture and
DFE application. It has been suggested that fluxes of NH3
decrease when manure dry matter content diminishes because
infiltration enhances by decreasing solids on the soil surface after
application, and as result, the NH4+ exposed to air decreases
(Sommer et al., 2003). However, N2O emissions could potentially
increase due to the added labile carbon (C) and moisture,
factors that lower O2 availability and promote denitrification
(VanderZaag et al., 2011).
Emissions of N2O are produced from slurries through
denitrification and nitrification of mineral nitrogen (N) and
organic N substances (Saggar et al., 2004). Denitrification is
stimulated when N fertilizers rich in organic matter, such as
slurry, are applied (Akiyama et al., 2010; VanderZaag et al.,
2011). The supply of slurry also leads to an increase in
the proportion of anaerobic microsites within the soil profile
where the input of biologically labile C leads to a high initial
consumption of inorganic N by the microbial biomass, thus
triggering N2Oproduction through denitrification (Faverin et al.,
2014; Martínez-Lagos et al., 2014; Mori and Hojito, 2015). For
this reason, slurries have shown higher N2O EFs than that of
synthetic fertilizers (e.g., Cayuela et al., 2017), especially in the
rainy season when the water-filled pore space (WFPS) in soil is
high (Salazar, 2015). In any case, N2O fluxes are highly variable
since they depend on the slurry composition, soil characteristics,
such as pH and organic matter, the type of bacteria involved in
the process, and the amount of oxygen in the soil, which varies
with handling excreta and precipitation (Faverin et al., 2014).
The CH4 (GPW 28 for 100-year time horizon) is produced by
the degradation of the organic matter of the slurry during storage
and remains dissolved in the liquid part. For this reason, most of
the CH4 emissions normally occur within 24 h after applying the
slurry to the pastures (Chadwick et al., 2000; Mori and Hojito,
2015). Soil CH4 fluxes are determined by the balance between the
CH4 oxidation by methanotrophic bacteria and its emission by
methanogenic Archaea. In aerated soils, methanotrophic aerobic
bacteria contribute both to the oxidation of atmospheric CH4
that diffuses into the soil, and the one that propagates from
methanogenic zones (Faverin et al., 2014). In anaerobic soils, only
a part of CH4 formed is oxidized in the aerobic interface of the
saturated zone by methanotrophic bacteria (Faverin et al., 2014).
Strategies to reduce N losses from dairy farms include
improving feed N utilization efficiency through dietary measures,
fertilizer application rate adjusted to the crop needs, and
fractionation according to the absorption curve of the crop, and
altering solid or liquid manure characteristics by separation or
dilution (VanderZaag et al., 2011; Yapur, 2011; Martínez-Lagos
et al., 2014; Sanz-Cobena et al., 2017). In addition, the application
of nitrification inhibitors (NIs) mixed with the slurry has been
proposed as an alternative to reduce its environmental impact
and enhance the N availability for crop nutrition (Owusu-Twum
et al., 2017; Recio et al., 2018). NIs suppress the metabolic activity
of ammonia-oxidizing bacteria by inhibition of the subunit B of
ammonia-monooxygenase (AMO), the first enzyme implicated
in the oxidation of ammonium (NH4+ ) to NO2− in soils,
reducing the nitrification rate and potentially its loss as NO3−
or N2O afterward (Ruser and Schulz, 2015; Beeckman et al.,
2018; Zhou et al., 2020). Nevertheless, the increase in the NH4+
associated with the use of NIs could enhance the risk of NH3
volatilization, in particular when the slurry is not incorporated
into the soil (Kim et al., 2012).
The effectiveness of NIs depends on environmental and soil
conditions like soil moisture, carbon content, and pH (Zhang
et al., 2020; Zhou et al., 2020). From soils receiving liquid manure
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additions, nitrapyrin and DMPSA reduced N2O emissions 60
and 56% at the 60 and 80% WFPS of the Gray Luvisolic soil,
respectively, reductions similar to the 58% found at the 60%
WFPS of the Black Chernozemic (BC) soil. Conversely, in this
very carbon-rich soil, at the 80% WFPS, the N2O emission
reduction vanished. At WFPS as low as 40%, N2O fluxes
were minimal and the NIs effect was not significant (Lin and
Hernandez-Ramirez, 2020). NI adsorption to soil organic matter
is a key factor that influences their effectiveness. Nitrapyrin
adsorption capacity decreased as the soil organicmatter decreases
(from 48.5 to 7.3 g kg−1) at a rate fitted by the Langmuir equation
(Zhang et al., 2020).
It has been reported that NIs applied to cattle slurry decrease
N2O losses by 60% after its surface application in grassland
soils from temperate regions and NI efficiency was lower
in spring than that in autumn (Merino et al., 2002, 2005).
This effect is comparable with the lower mean annual N2O
emissions (up to 46%) reported when cattle slurry was injected
with commercial NIs, including 2-chloro-6-(trichloromethyl)
pyridine (nitrapyrin), on Haplic Luvisol under silage maize in
Germany (Herr et al., 2020). This medium-term comparison
between the five commercially available NIs showed no difference
in N2O fluxes, crop yield, or N removal when cattle slurry was
mixed with NIs before injection (Herr et al., 2020). A meta-
analysis on the use of nitrapyrin with slurry in corn production
concluded that the manure applied with this inhibitor increased
the crop yield by 7%, improved the N retention in the soil by 28%,
and decreased N2O emissions by 51% (Wolt, 2004).
In New Zealand, contrasting results have been reported with
fresh DFE applied with the NI dicyandiamide (DCD) at 10 kg
DCD ha−1. DFE applied at approximately 100 kg N ha−1 to
plots on a well-drained soil on volcanic parent material in three
seasons showed the largest N2O EF (1.65%) during the spring
measurement period. DCD reduced N2O EF from applied DFE
by 40–80%, being more effective during the spring and autumn
seasons (Li et al., 2015). On the other hand, application of
DFE (52–58 kg total N ha−1) resulted in EF ranging from 0.06
to 0.94% and DCD had little or no effect on reducing EFs
from four regions with contrasting soils and climatic conditions
(van der Weerden et al., 2016).
Among synthetic NIs to improve N use efficiency of applied
chemical fertilizers, DCD and 3,4-dimethylpyrazol-phosphate
(DMPP) have gained commercial adoption in agricultural
systems. However, we chose to test the efficacy of nitrapyrin in
our grassland study because the newly developed version/type
of nitrapyrin or N-Serve (NP), has some competitive advantages
over application of DCD or DMPP. These advantages include
high longevity because of its bactericidal effect on the nitrifiers,
and a lower application rate compared with other NIs.
The strategies to mitigate gaseous emissions (NH3, N2O, and
CH4) from DFE would involve some offset among these gases.
Therefore, we aim to investigate the effect of applying cattle DFE
with and without nitrapyrin on emissions of GHGs and NH3.
We hypothesized that using DFE with nitrapyrin in Costa Rican
grasslands will mitigate reactive N losses and increase biomass
yield, thus decreasing yield-scaled N2O and NH3 emissions and,
therefore, contributing to generalize the use of this by-product as
a pillar of the Strategy for Low Carbon Livestock of Costa Rica.
MATERIALS AND METHODS
Study Site
The study was conducted from July to November 2017, in the
Alfredo Volio Mata Experiment Station located in Ochomogo,








W; 1,590m above sea level).
For more than 25 years, the pasture paddocks have beenmanaged
as a 90% Cynodon nlemfuensis (Star grass) and 10% Kikuyuocloa
clandestina (Kikuyo grass) grassland with a stocking rate of 3.5
animal units ha−1. The site has been fertilized mainly with urea
at a rate of 250 kg N ha−1 year−1 and typically grazed by cattle on
28-day rotations, both throughout the rainy season. Six months
before DFE application, grazing was excluded to eliminate any
grazing effect.
The soil, classified as Typic Haplustand (Mata et al., 2016),
has a texture sandy clay loam (28% clay, 12% silt, and 60%
sand), a mean bulk density of 0.86± 0.3Mg m−3 (Pérez-Castillo
et al., 2021), and an infiltration rate of 7.8mm h−1, which was
measured with a double ring infiltrometer (Brouwer et al., 1988).
Climate in this area is characterized by an average temperature
of 19.3◦C (min. 13◦C, max. 23◦C) and annual precipitation of
1,500mm fromMay toNovember (Elizondo and Boschini, 2001).
Variation in daily temperature between July and November
2017 was small. The highest average daily air temperature was
18.2◦C in July, and the lowest 16.6◦C in November, with a
mean temperature of 17.6± 1.0◦C. Air temperature, wind speed,
and rainfall were recorded on site with an automatic weather
station (temperature sensor: HMP60 Vaisala, Helsinki, Finland;
anemometer: RM Young 05103; and rain gauge: TE525 Texas
Electronics, Dallas, Texas).
Experimental Design and Treatments
Applied
The experiment, based on a random complete block design, was
set up as two sets of plots. The first block, composed of plots
of 1m × 1.25m for monitoring the emissions of NH3, N2O,
and CH4 included five replications. The second block, made up
of plots of 2.5m × 3m for measuring yield and forage quality,
included four replications (Supplementary Figure 1).
In both plots sets, the following three treatments were applied:
control (CK) without N application, fertilization with DFE (S),
and fertilization with DFE plus nitrapyrin (SNI). DFE consisted
of urine and dung accumulated during milking periods and
mixed with washing water from milking parlor and collected
by systems open to the environment. Total N applied was 149
± 12 kg N ha−1 for both S and SNI treatment split into five
applications (20, 24, 25, 40, and 40 kg N ha−1). The nitrapyrin
was applied at a mean dose of 16 ± 2 g of nitrapyrin (active
ingredient (a.i.) kg N−1 (n = 5) equivalent to 0.49 ± 0.18 kg a.i.
ha−1. This rate was 4.6 times higher than that of the previous
research in the area (Pérez-Castillo et al., 2021) and greater than
that of 0.25 kg a.i. ha−1 at 60% WFPS recommended by Lin and
Hernandez-Ramirez (2020) to offset possible nitrapyrin losses by
volatilization or any other soil condition.
Total N rate lower than the recommended value (180 kg N
ha−1) for 5 months, according to the nutrient absorption curves
of Cynodon nlemfuensis (Rivera, 2008) and N-rate more often
used in Costa Rica’s dairy farms (Villalobos and Arce, 2013).
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Nevertheless, the N rate was lower than the one recommended,
it was not supplemented with a synthetic source because of
difficulties in separating N sources effects and the intention to
probe the effect of nitrapyrin below the usual N rate as suggested
by Rose et al. (2018).
The DFE application was adjusted based on the maximum
phosphorus requirement for Cynodon nlemfuensis (45 kg P
ha−1 year−1; Rivera, 2008), considered the limiting factor for
fertilization with slurry (Glaesner et al., 2011), and total NH4+-
N. After 3 months of fertilization with DFE, 40 kg N ha−1 were
applied to S or SNI to bring the N rate closer to the recommended
values by application by Mislevy (2002) and Rivera (2008) (225
or 250 kg N ha−1 year−1 split into six or seven applications,
depending on the duration of the rainy season).
In October 2017, only yield, forage quality, and nitrogen use
efficiency (NUE) were monitored due to technical issues solved
up to 8 days after DFE fertilization.
DFE Applied
The DFE were collected during the cleaning of dairy cattle
facilities. The fresh material was transported in a cow dung
vacuum tank, mixed, and deposited in 200 L containers. At
this moment, the nitrapyrin was added to half of the DFE
(SNI treatment). Then, all the containers were covered with
plastic tightened with tire bands to prevent N losses through
volatilization and the dilution by rainwater.
The day after collection, a volume of DFE (7.7 ± 1.5 L
m−2) was applied using a manual garden sprinkler with a
spoon attached to disperse the liquid (Table 1). A sample of
1 L of DFE per container was taken during each application
and transported in a cooler, to the laboratory of the Center for
Agronomic Research (CIA) of the Universidad de Costa Rica, for
pH analysis and determination of NH4+-N, NO3−-N, and total
N (Ntotal) concentrations. Ntotal was analyzed by wet digestion
with sulfuric acid and flow injection analysis (FIA). NH4+ and
NO3− concentrations were quantified by FIA. FIAwas performed
on a Lachat FIA-8000 continuous flow analyzer (Hach, Loveland,
Colorado, USA). Dry matter content (DM) was obtained by
drying 100 g subsamples of DFE to constant weight at 85◦C.
The average N content of the DFE was 0.39 ± 0.11 g kg−1,
with a significant increase in the concentration of total N, NH4+-
N, and NO3−-N in November (P < 0.05) (Table 1). In each
fertilization, the N applied was calculated from the data of Ntotal
L−1 DFE. The DM of DFE collected was 10 ± 3 g kg−1 (n =
4). The variability of this material is widely documented (Salas-
Camacho and Hernández Salas, 2008; Martínez-Lagos et al.,
2014; Fangueiro et al., 2015b), and N higher values in October
and November corresponds to the less quantity of rainwater
mixed with slurry effluent collected from a reception pit open to
the elements in response to lower rainfall during the collection
period (Figure 1A).
The N-NH4+ represented the highest proportion of the total
N (55 ± 12%) of the slurry, while the N-NO3− only constituted
1.7 ± 0.6%. The phosphorus and potassium concentration were
within the reported ranges by Huertas et al. (2016) (0.06± 0.02 g
P kg−1 and 0.4± 0.2 g K kg−1).
The composition of the DFE (called purines in Costa Rica)
(Table 1) is typical of what in Costa Rican paddocks is used as
fertilizer (N total < 0.5 g kg−1, NH4-N < 0.3 g kg−1, P < 0.1 g
kg−1, K < 0.7 g kg−1, and DM around 1%) (Salas-Camacho and
Uribe-Lorío, 2008; Arndt et al., 2020).
Soil Analysis
At the beginning of the field trial, one composite soil sample
from each plot was collected from the top 20 cm of the soil in the
experimental site and was extracted by KCl-OLSENmethodology
and quantified the content of calcium, magnesium, potassium,
total phosphorus, zinc, copper, iron, and manganese by atomic
absorption spectroscopy (novAA 400p, Analytik Jena, Germany).
Soil organic C and total N were analyzed by dry combustion
on an elemental analyzer (Vario Macro-cube, Elementar, UK).
Soil pH was measured at a 1:2.5 ratio of soil:water suspension.
Effective cation-exchange capacity (ECEC) was determined by
extracting cations with ammonium acetate 1mol L−1 buffered
at pH 7. Soil chemical properties are shown in Table 2. Soil was
slightly acid (pH 6.07), with high soil organic matter (7.1%) and
a C/N ratio of 9.3 ± 0.3. This C/N ratio is lower than the data
reported in temperate regions (Abbasi and Adams, 2000; Cui
et al., 2013) and reflects the lower content of humic acids in the
soil organic matter.
Soil mineral N (NH4+-N and NO3−-N) was determined from
the top 10 cm of each plot on days 1, 3, 5, 9, and 27, after DFE
application. Within 24 h of soil sampling, a subsample of 5 g of
each plot was extracted with 50ml of 2mol L−1 KCl, for 1 h, in
an orbital shaker at 200 rpm. NH4+ and NO3− concentrations
were then quantified by flow injection analysis performed on
a Lachat FIA-8000 continuous flow analyzer (Hach, Loveland,
Colorado, USA).
Soil moisture and temperature were measured by volumetric
moisture sensors at 10 cm depth and by temperature sensor at
5 cm depth (both from Onset, Massachusetts, USA) in 7 of the 15
plots where gas emissions were monitored. WFPS was calculated
dividing volumetric water content, monitored with soil moisture
sensors of 10 HS, by total porosity (Martins et al., 2017).
Measurement of Gaseous Emissions
NH3 Volatilization Potential
Measurements of NH3 volatilization potential were determined
by semi-static open chambers made of transparent polyethylene
terephthalate bottles (soda bottle 2 L) with the bottom removed
and laid on the top to prevent rainfall (Araújo et al., 2009;
Jantalia et al., 2012; Martins et al., 2017). One NH3 chamber
was installed in each GHG measurement plot on the soil surface
and moved to different positions each sampling day using three
preinstalled wire supports, as suggested by Jantalia et al. (2012).
Inside each chamber, a foam strip (2.5 cm × 25 cm, 3mm thick)
was presoaked in a solution of 1mol L−1 H2SO4 with 4% (v/v)
glycerol and kept moist during sampling periods with 25ml of
the acid solution contained in a plastic jar suspended inside
the chamber. The foam strips were installed at the time DFE
application and collected and replaced with new acid traps on
days 1, 3, 5, 7, 9, and 12 postfertilization (six samples for each N
fertilization, during four cycles). Foam strips removed were then
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TABLE 1 | Volume (V) and chemical characteristics on a fresh weight basis of the DFE applied in the field trial carried out in the Alfredo Volio Mata Experimental Station,
Costa Rica, from July to November 2017.
Month V Total N NH4+ -N NO3− -N P K pH (H2O)
L m−2 mg kg−1 g kg−1
Jul 6.7 ± 0.5 300b 166 ± 4c 4.06 ± 0.05b 0.1 ± 0.0 0.4 ± 0.0 6.60 ± 0.00
Aug 6.0 ± 0.5 400b 179 ± 29c 4.30 ± 0.14b 0.1 ± 0.0 0.4 ± 0.0 6.95 ± 0.07
Sep 10 ± 0.5 250b 144 ± 18c 3.70 ± 0.01c 0.1 ± 0.0 0.3 ± 0.0 7.00 ± 0.00
Oct 8.0 ± 0.5 500a 330 ± 3a 1.80 ± 0.01d 0.1 ± 0.0 0.5 ± 0.0 6.76 ± 0.04
Nov 8.0 ± 0.5 500a 230 ± 1b 11.95 ± 0.07a 0.1 ± 0.0 0.7 ± 0.0 6.64 ± 0.10
Values followed by different letters (a–d) in the same column are significantly different based on Tukey test (α = 0.05).
Mean ± standard deviation (n = 2).
Slurry density = 1.00 ± 0.01 L kg−1.
transported inside the plastic jar to the laboratory in a cooler. The
trap volumewas adjusted by weight to 50ml with deionized water
and extracted by shaking for 30min at 220 rpm on an orbital
shaker. A 1.2ml aliquot of this solution was diluted to 25.00ml,
and NH4+ was analyzed as indophenol in an alkaline medium by
spectrophotometric analysis (Bolleter et al., 1961).
For comparing volatilization between treatments, cumulative
NH3 volatilization potential (CENH3, g ha−1) (intervals 0–1, 1–
3, 3–5, 5–7, 7–9, and 9–12 days after DFE application) was
calculated by Equation 1 following the procedure stated by







where mNi (mg N) is the ith value of N captured from one
plot by each period of sampling, CF is the conversion factor
for converting N present in trap into volatilized N equal to
1.74 (Jantalia et al., 2012), and A is the area covered by the
chamber (m2).
A ratio between the cumulative net emission of NH3 (less CK
emissions) and the N applied as DFE throughout 4 months was
calculated as a restricted comparison value for the rainy season.
Indirect emission of N2O from NH3 volatilization, expressed
as CO2 equivalent (CO2e), was estimated by multiplying the
accumulated emission of NH3-N (in kg NH3-N ha−1) by 0.014
(N volatilization and re-deposition EM) and by 265 (N2O GWP)
(IPCC, 2019).
N2O and CH4 Emissions
Between 7:00 and 13:00, N2O and CH4 fluxes were monitored
on days 1, 3, and 5 after fertilizer application, three times during
the 2nd week after fertilization and then twice a week until
the following grass harvest (at the end of the 4th week). A
random block was chosen to start each sampling day. Fluxes
were determined using the static chamber methodology (de
Klein et al., 2020) and a cavity ring-down spectrometer, Picarro
G2508 greenhouse gases analyzer (CRDS-G2508) (Picarro Inc.,
Santa Clara, CA, USA). The square static chambers (40 × 40
× 10 cm) were built from polycarbonate and insulated with a
cover of Styrofoam. Toward the end of the cycle, an additional
polycarbonate extension was used with the chamber to cover the
grass higher than the chamber itself. Each chamber was placed
on a frame inserted 12 cm into the soil prior the beginning of
the sampling period to minimize the lateral diffusion of gases. A
water seal was used to avoid gas leaks between the frame and the
chamber. The frames were inserted 20 days before the beginning
of the experiment and kept in the same place throughout the
study period to avoid soil disturbance.
The CRDS-G2508 was operated in close mode at default
company settings and enabled the simultaneous determination
of N2O, CH4, and CO2 concentrations, in real time. The
deployment time per chamber was 15min. A Nafion dryer
(Perma Pure LLC., Halma Holdings Company, NH, USA) was
installed in the air inlet line to the CRDS-G2508 to prevent
water from rising beyond optimal operating levels during the
measurement. Atmospheric pressure and temperature in the
headspace were recorded for each measurement with a Kestrel
4000 weather meter (Loftopia LLC., MI, USA) and used in flux






where δCngas/δt is the change of N2O or CH4 concentration
in the headspace (µmolgas molheadspace air−1 ) in time (h). This
change was calculated using an exponential fit of concentration
data as dry mole fraction vs. enclosure time and evaluating its
slope by the time derivative at t = 0 (Christiansen et al., 2015).
A is the area covered by the chamber (m2), M is the N or C
mass (28 µg N µmol−1 N2O or 12 µg C µmol−1 CH4), and n is
moles of gas calculated using the ideal gas law. For each plot, the
chamber volume was adjusted by adding the headspace between
the soil surface and the connection point between the frame and
the chamber.
Before starting the first sampling day of the week, the proper
operation of the gas analyzer was verified by measuring directly
at the sampling site two certified standard gases (uncertainty
±5%) obtained from Mesa specialty gases and transported in
gas sampling bags (Calibrated Instruments, Maryland, USA). The
change in the rate of CO2 over time was used to verify if there
was any leak in the system, so a regression coefficient (time
vs. concentration) < 0.99 or CO2 fluxes < 86mg CO2 m−2
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FIGURE 1 | Precipitation and water-filled pore space (WFPS) in top 10-cm of soil (A). Ammonia (NH3) (B), nitrous oxide (N2O) (C), and methane (CH4) (D) flux from
control (CK), dairy farm effluents (S), and dairy farm effluents plus nitrapyrin (SNI) of a field trial conducted in 2017 on a permanent pasture in the Alfredo Volio Mata
Experimental Station, Costa Rica. Vertical bars indicate the standard error (n = 5). Arrows indicate the moment when dairy farm effluents were applied.
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TABLE 2 | Chemical properties of a composite sample from the top soil layer (0–20 cm) from the experimental area at the Alfredo Volio Mata Experimental
Station (July 2017).
pH (H2O) Ca Mg K Acidity P Zn Cu Fe Mn %Ctotal %Ntotal C/N
mg kg−1 dry soil
6.07 ± 0.05 1,612 ± 69 639 ± 44 751 ± 24 12 ± 1 30 ± 6 6.9 ± 0.5 33 ± 2 570 ± 62 34 ± 11 5.0 ± 0.6 0.5 ± 0.1 9.3 ± 0.3
ECEC, effective cation exchange capacity.
Mean ± standard deviation (n = 9).
h−1 were criteria to reject N2O or CH4-monitored emissions
(Pérez-Castillo et al., 2021).
In N2O flux data analysis, the values were compared with the
detection (13.1 µg m−2 h−1) and quantification limits (39.4 µg
m−2 h−1) (Pérez-Castillo et al., 2021). If the quadratic regression
coefficient of the concentration change rate of N2O was < 0.9
and data was lower than the detection limit, estimated fluxes were
replaced by half of the detection limit. If they were lower than the
quantification limit, the calculated values were kept. Otherwise,
N2O fluxes were rejected (8% of total). For CH4, if the quadratic
regression coefficient of the concentration change rate of CH4
was < 0.9, these fluxes were rejected (9.5% of total).
Cumulative emissions of N2O and CH4 (CEgas, kg ha−1
application−1) were calculated by the trapezoidal method. The
mean flux between two consecutive measurements (Fi +1 and Fi
in µg m−2 h−1) from one plot was multiplied by time (in h)
elapsed between the both (ti +1 – ti −1), total of which is added





Fi + Fi+1 +
(Fi + Fi+1)
2
× (ti+1 − ti − 1)
]
/105 (3)
On estimating the CH4 cumulative emissions, the rejected
CH4 flows per plot were replaced by the median value of the
treatment for the corresponding sampling day. This value was
used to calculate the average flow between two consecutive
sampling days.
Cumulative emissions of N2O and CH4, expressed as CO2e,
were estimated by multiplying the accumulated emission of each
gas (in kg N2O-N ha−1 or kg CH4-C ha−1) by its GWP (265 and
28, respectively) (IPCC, 2019).
A ratio between the cumulative net emission of N2O (less CK
emissions) and the N applied as DFE throughout 4 months was
calculated as a restricted comparison value for the rainy season.
Yield and Nutritional Quality of the Grass
The grass was harvested after 28 days rotation to simulate the
current grazing practices in the region (Mislevy, 2002).
An area of 7.5 m2 was harvested with a grass mower machine,
cutting the grass to a height of 5 cm from the surface. The biomass
of each plot was weighed to estimate the yield. Grass harvested
from the entire plot was then mixed, and a representative sample
of 25 g was taken and dried at 60◦C for 72 h. These samples were
milled to 1mm in a Wiley mill (Model # 2, Arthur H. Thomas
Co., PA, USA). DM was determined by drying the samples at
105◦C for 24 h. Total N was analyzed by the Kjeldahl method,
which was then multiplied by 6.25 to estimate crude protein (CP)
(AOAC International, 2000).
Yield-scaled gas emissions were then calculated as the ratio
between accumulated NH3, N2O, and CH4 emissions and the
total N crop yield for each treatment for the whole period of
the study.
NUE was calculated by the equation:
%NUE =
(DMN × CPN − DMCK × CPCK)
N
× 100 (4)
whereDMN andDMCK are the grass yield (kg ha−1) produced by
S or SNI and CK, respectively. CPN and CPCK are the N fraction
of the harvested material from S or SNI and CK, respectively, and
N is the N applied (kg ha−1).
Statistical Analysis
Mineral N and gas emissions were analyzed using the R software
version 3.6.1. Yield and grass quality analysis were performed
by PROC MIXED (SAS/STAT version 9.2). Data distribution
normality and variance uniformity were evaluated by the
Shapiro-Wilk’s and Levene’s tests, respectively. The data without
normal distribution (NH3 volatilization, CH4 emissions, NH4+ ,
and NO3− soil content) were analyzed by the Kruskal-Wallis
test. For normally distributed data, the comparison between
treatments was carried out by analysis of variance (ANOVA), and
Tukey’s test was performed to find significant differences between
means at P < 0.05.
The yield-scaled NH3 and N2O emissions were compared
using the 95% confidence interval calculated from the expanded
uncertainty of the yield-scaled gas emission (YSi) based on the
mean of cumulative gas emissions (ĒCi) and of accumulated yield
(ȲCi) of N2O or NH3:










where SDECi and SDYCi are the standard deviations of




Gas emissions were affected by precipitation. Total rainfall from
July to November 2017 at Alfredo VolioMata Experiment Station
was 1,280mm, with November being the driest month (103mm),
and September the wettest (496mm). High precipitation in
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September kept the WFPS between 50 and 60% throughout the
fertilization cycle (Figure 1A).
During NH3 emission samplings, the highest wind speed
was on day 5 after fertilization in July (3.6m s−1). The highest
mean wind speed was in July and November (2.6 and 2.3m s−1,
respectively) and the lowest in August (1.5m s−1). Besides, the
soil temperature (10 cm depth) showed little variation, with a
mean temperature of 20.5 ± 1.7◦C along the sampling periods
of gases.
Gaseous Emissions
After subtracting the respective emissions from the control,
NH3, N2O, and CH4 cumulative emissions expressed in CO2e
(Supplementary Table 1 and Table 3) showed that the greatest
effect as a driver of climate change is generated by direct N2O
emissions (455 ± 140 to 479 ± 65 kg CO2e ha−1). In contrast,
the impact on global warming of CH4 emission (3 ± 14 to −3
± 7 kg CO2e ha−1), and, indirectly as N2O, of NH3 volatilization
(2.6± 1 to 2.7± 1.5 kg CO2e ha−1) is much lower.
NH3 Volatilization
As expected, NH3 volatilization potential from non-fertilized
plots was lower than those from S and SNI (Figure 1B), but only
significantly different (P < 0.05) during the first 26 h after the
slurry application in November, when total NH3 volatilization
reached 11.8 ± 2.1, 35.2 ± 3.2, and 42.5 ± 5.2mg m−2 for CK,
S, and SNI, respectively. These NH3 values constitute 13% (CK),
28% (S), and 31% (SNI) of themonth’s emissions. The rate of NH3
volatilization under the experimental conditions was significantly
lower in July and September (P < 0.05) and, contrary to the
expected, they did not show significant differences (P > 0.05)
between the treatments CK, S, and SNI. Throughout 4 months,
total potential cumulative volatilization of NH3 for S and SNI
did not differ (3.6 ± 0.1 kg NH3 ha−1 vs. 3.6 ± 0.2 kg NH3 ha−1,
respectively) (Supplementary Table 1).
The ratio between net cumulative volatilization of NH3 and
N applied as DFE by surface broadcast was very low for both
treatment S and SNI (S 0.67 ± 0.10% vs. SNI 0.64 ± 0.21%)
during the rainy season.
N2O Emission
Plots fertilized with and without nitrapyrin resulted in N2O
fluxes higher than those of the control treatment (P < 0.05)
(Figure 1C). The maximum daily N2O fluxes were registered
24 h after the DFE application. This emission peak was higher
for S (84 g N ha−1 day−1) in July than in August (38 g N ha−1
day−1) and September (40 g N ha−1 day−1), even when the N-
fertilization rate had been lower (Table 3). In August, September,
and November, the maximum daily N2O flux mentioned did
not coincide with the soil NO3− peak reached from 3 to 5
days after applying the DFE (Supplementary Figure 2). On 6
July, the N2O emission from SNI, although not significantly
greater than that registered for S (P = 0.57), contrasted
with the lowest soil NO3− concentration in SNI plots (P
= 0.057).
After the third day of slurry application, N2O emission peaks
were also detected on 13 July, 6 August, and 5 November when
the precipitation exceeded 20mm and WFPS reached the values
53, 50, and 49% (Figure 1A). At the end of September (from 20
to 29) the N2O fluxes raised (4.9, 46, and 41 g N ha−1 day−1 for
CK, S, and SNI, respectively), which are associated with a higher
soil NO3− content (CK, S, and SNI, Supplementary Figure 2)
detected on 29 September. Finally, N2O cumulative emissions
were significantly higher (P < 0.05) in November (Table 3), a
condition associated with an increment in the total N (58%), the
NH4+-N (40%), and NO3−-N (197%) in this DFE fertilization
cycle compared with the mean from July to September.
The N2O flux was significantly lower in the plots treated
with the nitrapyrin only at the beginning of July (first cycle
of DFE application) (Figure 1C). Cumulative emissions of
N2O per application cycle were not significantly different
(P > 0.05) between the plots fertilized with DFE with and
without nitrapyrin (Table 3). The ratio between the N2O net
cumulative emission throughout 4-month and the N applied
on the surface was 1.60 ± 0.46 and 1.69 ± 0.19% for S and
SNI, respectively.
CH4 Emissions
Emissions of CH4 from S, SNI, and CK showed a high variability
(Figure 1D), with the fluxes from block 1 significantly higher.
Daily emissions from SNI were significantly lower than those of
S in August and November (P < 0.05). Except for November, a
CH4 peak was not detected at the first sampling (20–22 h after
slurry application), as was reported by Chadwick et al. (2000),
Rodhe et al. (2006), and Mori and Hojito (2015).
Increases in CH4 emissions were observed when rainfall
of 20mm or more occurred (Figures 1A,D). On the
other hand, emissions tended to zero in periods with
several days without rain (e.g., 2 July to 10 July, 20 July
to 31 July, and 20 September onwards). Moreover, in
November, under drier conditions, CH4 cumulative emissions
(Table 3) from the treatments were significantly lower (P
< 0.05) and the soil acted as a sink for CH4, which is
reflected by the negative flows showed (Le Mer and Roger,
2001).
Cumulative emissions of CH4 from SNI (from 88 to −13 g
ha−1) tended to be less than CK and S treatments (Table 3).
Cumulative fluxes of CH4 normalized by the volume applied per
area showed values between 0 and 2.8mg L−1 for S and−0.2 and
1.3mg L−1 for SNI.
Grass Yield, Yield-Scaled Gaseous
Emissions, and Grass Quality
The absence of N fertilization (CK) led to values of DM
per hectare per harvest 470 ± 166 kg ha−1 significantly
lower (P < 0.05) than fertilized plots. Thanks to N
introduction into the system, the treatments S and SNI
produced twice as much dry matter (1,000 ± 440 kg
MS ha−1 and 850 ± 390 kg MS ha−1, respectively).
No significant differences were observed in DM
per hectare among plots fertilized with and without
nitrapyrin (Table 4).
Under the prevailing experimental conditions, no significant
difference between yield-scaled NH3 and N2O emissions from S
and SNI (Table 5) were found.
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TABLE 3 | Cumulative emissions of nitrous oxide (N2O) and methane (CH4) from control (CK), DFE (S), and DFE plus nitrapyrin (SNI) of a field trial conducted in 2017 on a
permanent pasture in the Alfredo Volio Mata Experimental Station, Costa Rica.
Gas Treatment Jul Aug Sep Nov Total Total CO2e
g ha−1 kg CO2e ha
−1
N2O-N CK 147 ± 14b 89 ± 22b 72 ± 17b 97 ± 37b 405 ± 44b 107 ± 11b
S 338 ± 86a 222 ± 32a 288 ± 102a 1,273 ± 478a 2,122 ± 490a 562 ± 129a
SNI 288 ± 45a 243 ± 47a 264 ± 90a 1,417 ± 243a 2,212 ± 203a 586 ± 54a
CH4-C CK 93 ± 67a 128 ± 65a 108 ± 14a −7 ± 8a 323 ± 133a 9.0 ± 3.7a
S 140 ± 99a 168 ± 176a 127 ± 75a 4 ± 21a 405 ± 371a 12 ± 10a
SNI 88 ± 35a 56 ± 48b 82 ± 42a −13 ± 19a 213 ± 113a 6.0 ± 3.2a
Mean ± standard deviation (n = 5).
Values identified with different letters at the same column are significantly different based on the Tukey test (α = 0.05).
TABLE 4 | Yield (dry matter) and crude protein mean of Cynodon nlemfuensis from control (CK), dairy farm effluent (S), and dairy farm effluent plus nitrapyrin (SNI) as well
as the nitrogen use efficiency (NUE) of a field trial conducted in 2017 on a permanent pasture in the Alfredo Volio Mata Experimental Station, Costa Rica.
Variable Treatment Jul Aug Sep Oct Nov Total
Yield (kg ha−1) CK 182 ± 62b 667 ± 128a 661 ± 217a 318 ± 45b 376 ± 79b 2,204 ± 183b
S 558 ± 153a 1,177 ± 330a 1,028 ± 303a 854 ± 236a 1,221 ± 606a 4,838 ± 990a
SNI 350 ± 94ab 1,168 ± 329a 892 ± 209a 835 ± 236a 976 ± 353ab 4,221 ± 632a
Crude protein (%) CK 17.6 ± 2.3a 17.2 ± 0.9b 15.3 ± 1.5a 17.3 ± 1.0b 18.0 ± 1.8b 17.1 ± 1.0b
S 20.8 ± 1.1a 20.3 ± 0.8a 17.1 ± 3.0a 21.5 ± 1.3a 21.7 ± 1.6a 20.3 ± 1.9a
SNI 19.9 ± 1.4a 18.9 ± 1.3ab 16.3 ± 2.3a 20.1 ± 1.8a 20.8 ± 1.7ab 19.2 ± 1.8ab
NUE (%) S 58 ± 7 60 ± 40 44 ± 32 52 ± 22 61 ± 40 56 ± 7 (25)
SNI 38 ± 15 48 ± 19 37 ± 24 46 ± 27 54 ± 32 45 ± 7 (23)
Mean ± standard deviation (n = 4).
Values identified with different letters at the same column are significantly different based on the Tukey test (α = 0.05).
TABLE 5 | Yield-scaled gas emissions per dry matter of grass from control (CK),
DFE (S), and DFE plus nitrapyrin (SNI) of a field trial conducted in 2017 on a
permanent pasture in the Alfredo Volio Mata Experimental Station, Costa Rica.
Treatment NH3-N N2O-N CH4-C
g kg−1DM
CK 1.55 ± 0.14a 0.21 ± 0.03b 0.17 ± 0.07a
S 0.91 ± 0.17b 0.53 ± 0.16ab 0.10 ± 0.09a
SNI 1.07 ± 0.15ab 0.65 ± 0.10a 0.06 ± 0.03a
DM, dry matter.
Mean ± standard deviation (Equation 5, n = 4).
The same letter in a given column shows values that are within 95% confidence intervals.
No differences were found in crude protein (CP) content
between treatments under fertilization with and without
nitrapyrin (Table 4). Nevertheless, the control exhibited a
significantly lower CP value, in August, October, and November.
DISCUSSION
NH3 Volatilization Potential
No significant differences in NH3 volatilization potential were
found between CK and fertilized plots with DFE in July and
September. This could have occurred due to the incorporation
effect of rainfall following fertilization (4.2mm in July and 44mm
in September), added to the volume of DFE applied (6–10mm in
few minutes). The effluent’s low DM did not seal soil pores nor
contributed to increasing water capacity retention, facilitating
infiltration, and reducing N losses through NH3 volatilization
(Sommer et al., 2003).
The significant drop in the NH3 volatilization rate on days 3
and 5 after the August and November fertilization when 22.2 and
10.9mm precipitations affected the experimental site, suggests
that monitoring of NH3 volatilization could be suspended after
a 10-mm precipitation. A similar effect was reported by Arndt
et al. (2020) in a loam soil after excreta application, who
associated the effect of rainfall with quantity and timing. Recio
et al. (2018) also measured no effect of NIs over NH3 after
immediate incorporation of pig slurry in a Typic Calcixerept soil,
in a Mediterranean agroecosystem of Central Spain. The result
found by Recio et al. (2018) was likely caused by the immediate
incorporation of the slurry following surface application. Based
on these findings, it could be concluded that contrary to the
expected increase in NH3 volatilization by nitrapyrin due to
increased NH4+ pool, the physical incorporation of the N
fertilizer by mean of water or mechanically could hide this
potential disbenefit of NIs in the form of increased NH3 losses
(Sommer et al., 2003).
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The ratio between NH3-N volatilized and N applied (0.6 ±
0.2%) is as low as the difference between the EFs of paddocks with
excreta on the surface and with and without DFE (0.3%) reported
by Arndt et al. (2020), who also measured dairy systems with
very low DFE N and DM, typical of tropical regions. Apart from
the low applied N amount (20–40 kg N ha−1), slurry dilution has
been identified as a management practice that contributes to low
NH3 cumulative emission (Frost, 1994; VanderZaag et al., 2011).
This effect may due to the rapid DFE infiltration facilitated by the
low DM content (Saggar et al., 2004), even though the infiltration
rate was only 7.8mm h−1 at the study site.
The non-significant difference in NH3 volatilization between
S and SNI, mainly due to the low volatilization of NH3 already
discussed, was accentuated by soil conditions such as its slightly
acidic pH and especially its high content of organic matter and its
high cation exchange capacity which promote NH4+ adsorption
to the soil colloids (Bouwmeester et al., 1985; Zaman et al., 2009;
Tian et al., 2015; Pérez-Castillo et al., 2021).
N2O Emission
N2Oflux increased after 1 day of DFE application and came to the
prefertilization levels after 3 days, a trend also observed by other
authors in grasslands (Barton and Schipper, 2001; Luo et al., 2008;
van der Weerden et al., 2016). It is probably due to the conducive
environment (availability of N as a substrate, soluble C as energy
source for denitrifiers, and anaerobic condition due to volumetric
loading rate of applied DFE) (Barton and Schipper, 2001; Luo
et al., 2008; Zaman et al., 2012; Saggar et al., 2013; Chen et al.,
2014). As the N2O emission rate after DFE application highly
depends on soilWFPS (Luo et al., 2008), the higher N2O emission
in July (WFPS 50%) compared with that in August (WFPS 37%)
was not surprising because of the anaerobic condition in July.
Similar N2O emission rate observed in September (WFPS 58%)
and in August, following DFE application, was probably due to
a partial loss of the N applied by runoff, an effect caused by the
heavy rainfalls before and after DFE application.
Nitrification and denitrification processes in a soil can occur
simultaneously (Müller et al., 2014), therefore the low NO3−
on 6 July was possibly associated with the inhibitory effect of
nitrapyrin which slow down nitrification, while the highest N2O
flux may be due to other N2O production processes such as
heterotrophic nitrification and the conversion of organic N to
mineral N (Müller et al., 2014), which were not measured in
this study.
In November, significantly higher N2O emissions were
triggered by the mineral N applied with the DFE (Saggar et al.,
2015). Probably, the greater amount of NH4+-N increased the
rate of autotrophic nitrification (Ruser and Schulz, 2015) and
the tripled amount of NO3− promoted denitrification in the
anaerobic soil microsites that coexist in the soil profile, especially
when the microbial activity was enhanced by the DFE applied
(Barton and Schipper, 2001; Sey et al., 2008; Martins et al., 2017).
After initial N2O emissions stimulated by the N and C applied
through the DFE, soil moisture became more important as it was
shown by N2O emission peaks observed after the third day of
DFE application and associated with rainfalls greater than 20mm
(Zaman et al., 1999a,b; Bhandral et al., 2007). Those peaks are
likely due to enhanced heterotrophic denitrification in anaerobic
microsites (Smith et al., 1998; Dobbie and Smith, 2003; Ruser
and Schulz, 2015). The heavy rainfall in September (489mm
between 1 and 17 September) favored an anoxic environment
that maintained N2O emission at the baseline level since the
third day after DFE was applied, probably due to its reduction
until N2 (Wrage et al., 2001). As the precipitations ceased and
soil saturation decreased (WFPS 60 vs. 57% and less), NO3− soil
content mostly enhanced via heterotrophic nitrification (Monge-
Muñoz et al., 2021) since there was not another mineral N
source, increased N2O fluxes under suboptimal conditions for
both nitrifiers and denitrifiers (Wrage et al., 2001). N2O peak
on 20 September was also enhanced by the release of the N2O
accumulated in soil solution and trapped in soil microsites,
when gas diffusion was restricted by soil moisture (Davidson and
Swank, 1990).
Contrary to that reported in other studies (McTaggart et al.,
1997; Trenkel, 2010; Ruser and Schulz, 2015), no significant
effect on the N2O emissions mitigation was found by nitrapyrin
application in this field trial, a result similar to the one found
when DFE (52–58 kg total N ha−1) was applied with DCD
(52–58 kg total N ha−1) (van der Weerden et al., 2016). This is
probably due to (i) the dominance of heterotrophic nitrification
coupled with denitrification over the formation of N2O, a
mechanism not affected by nitrapyrin (Müller et al., 2014;
Monge-Muñoz et al., 2021), and (ii) the N application rate of 149
± 12 kg N ha−1, lower than the 180 kg N ha−1 usually applied
throughout a 5-month period, as well as the split application
into five fertilizing events. This may have decreased nitrapyrin
potential action as a nitrification inhibitor due to a low level of
NH4+ soil content (van der Weerden et al., 2016; Monge-Muñoz
et al., 2021).
The ratio between the N2O total cumulative emission and
the N applied as DFE using surface broadcast is in the range
reported by Saggar et al. (2004) and greater than the emission
of 1.2% of N applied as urea found at the same experimental
area 1 year before (Pérez-Castillo et al., 2021). A larger N loss
as N2O when using DFE compared with synthetic fertilizers
has been reported previously with slurry (Barton and Schipper,
2001; FAO, 2006; Martínez-Lagos et al., 2014; Mori and Hojito,
2015). The higher availability of SOC and the increase in WFPS,
triggered by the DFE application, can enhance denitrification
rates by providing a source of energy for denitrifying bacteria
and more anaerobic microsites in soil (VanderZaag et al., 2011;
Cayuela et al., 2017; Akiyama et al. 2010). On the other hand, the
decrease in NH3 emissions, caused by DFE infiltration favored
by its low DM, likely generated a greater N2O production
from residual N available. This pollution swapping in the form
of increased N2O emissions has been reported by Bourdin
et al. (2014) in Haplic Cambisol Brown Earth soil with high
soil moisture.
CH4 Emissions
CH4 peak was not detected at the first sampling (20–22 h
after slurry application), in contrast with that observed by
Chadwick et al. (2000), Rodhe et al. (2006), and Mori and Hojito
(2015). They found that the highest emissions occurred after the
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application of slurry, which suggests that the initial flow due to
the volatilization of CH4 dissolved was likely not sampled.
Daily emissions from SNI were significantly lower than S in
August and November (P< 0.05). Previous studies have reported
this mitigating effect on the CH4, produced through microbial
fermentation of cellulose under anaerobic conditions, by using
NIs as 3,4-dimethylpyrazole phosphate (DMPP) (Weiske et al.,
2001; Trenkel, 2010).
Changes in CH4 fluxes dependent on rainfall reflected the
variation of the soil anaerobic microsites and, therefore, the
increase or decrease of anaerobic sites for the methanogenic
fermentation of organic matter (Saggar et al., 2004, Faverin et al.,
2014).
Although the soil at the experimental site acted as a net emitter
(Table 3), this result cannot be extrapolated to the annual cycle
because our research only included part of the rainy season and
the beginning of the transition period toward the dry season.
In medium-term studies, such as that reported by Rodhe et al.
(2006), authors observed the soil acting as a sink for CH4 when
applying slurry in pastures soils of north of Stockholm with
2.1% of organic matter. Cumulative fluxes of CH4 normalized
by the volume applied per area, for both S and SNI were lower
than the 6.8mg L−1 reported by Chadwick et al. (2000) under
lower temperatures.
Grass Yields, Yield-Scaled Gaseous
Emissions and CP
As shown in Table 4, the DM production in each harvest was
low (> 1,000 kg ha−1 per harvest) compared with the DM results
obtained by Salazar (2007) and Villalobos and Arce (2013).
These authors reported for Costa Rica averages of 4,642 and
4,484 kg DM ha−1 in San Carlos and Monteverde, respectively,
with a rate of 250 kg N ha−1 year−1, higher than the equivalent
to 180 kg N ha−1 year−1 used in this field trial. Despite yield
production obtained in pastures vary widely since they depend on
climatic conditions such as temperature, duration and intensity
of light, quantity and distribution of rainfall and humidity and
soil fertility (Crespo et al., 1981), management of fertilization,
harvest periods, and harvesting height could explain the decrease
in DM production of this field trial. DM production was affected
by a low N rate and the relationship between total N and N
available for the grass, which is affected by the mineralization rate
in the case of slurry (Burger and Venterea, 2008).
Apart from the reduction in the N input to the system, the
decrease in productivity could be due to the use of the mower
for harvest. This equipment removes more biomass than grazing,
so it left a smaller remaining leaf area that would have delayed
grass development within the fixed cutting cycle (Johnson et al.,
2001). A yield of 1,423 kg DM ha−1 in cycles of 28 days was
reported in Florida, USA (Johnson et al., 2001) when harvesting
with a machine at 7 cm height and applying a dose of 39 kg N
per application. This yield is low with respect to other grazing
studies due to the cutting effect, but it is still higher than what was
obtained in this field assay, possibly due to the greater amount of
applied fertilizer and a higher cut.
Our results suggest that nitrapyrin did not positively affect
biomass production under the pedo-climatic conditions of this
study, as could be expected from the percentage of N lost as
N2O (around 1.6%). Besides, under the prevailing experimental
conditions, the lack of a significant difference between yield-
scaled NH3 and N2O emissions from S and SNI suggests
that nitrapyrin is not a viable mitigation option for gaseous
N losses from our grassland. These results agree with those
of our earlier field trial receiving urea at 250 kg N ha−1 at
the Alfredo Volio Experimental Station (Pérez-Castillo et al.,
2021). Even though this experiment was carried out using a
suboptimal N rate, condition that has been suggested could show
NI potential to increased yields regarding fertilizers without them
(Rose et al., 2018).
The CP content value around 20% for the forage for both S
and SNI was similar to that established in the literature (Sánchez
and Soto, 1996; Salazar, 2007; Villalobos and Arce, 2014). As the
control showed a lower CP value, fertilization can improve forage
protein concentration and agrees with other trials conducted with
Cynodon (Johnson et al., 2001; Zanine et al., 2003). In contrast
with these results, Zanine et al. (2005) reported that CP content
was not affected by increasing in equal measure the applied dose
of N per hectare through slurries, in Panicum maximum. This
suggests that forage typemay influence the effect of N fertilization
on CP content (Table 4).
Limitations of the Study
There are several limitations in our study that, in our opinion,
should be highlighted to better interpret the results shown in
this paper. First of all, the area designated for yield and forage
quality (7.5 m2) could be seen as small compared with other
grassland studies (Timpong-Jones et al., 2015). This resulted in
high standard errors in the yield measurements and pointed out
that greater harvest area and more replications per treatment are
needed for the Star Grass yield measurements.
Sampling for CH4 emissions should have begun in the first
12 h after DFE application to capture the emission peak from
dissolved CH4. Besides, measurements of CH4 emissions from
anaerobic pits, where they are collected, are needed since most
of the CH4 total emissions are produced during storage (Saggar
et al., 2004). In Costa Rica, there are no published data for CH4
emissions from pits nor data on the proportion of DFE collected
and applied directly. These elements shall be two priority aspects
for Livestock NAMA of Costa Rica to estimate CH4 emissions
from DFE management.
CONCLUSION
The composition of DFE, characterized by low DM content
associated with rapid infiltration rate, led to low losses of NH3.
The residual available N is likely contributed to greater N2O
production per kilogram of N applied under the rainy season.
Costa Rican dairy farmers should protect the storage facilities of
DFE from excess rainwater which dilute the N concentration and
increase the volumetric loading rate to mitigate N2O emission
via denitrification.
More data are required to understand the relationship
between nitrification inhibitors and CH4 flux mitigation, as well
as their effect on soil microbial populations in tropical grasslands.
Based on yield-scaled gaseous emissions and total of CO2e
of S and SNI, nitrapyrin may not be viable mitigation option
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for gaseous N release from DFE application in Costa Rican
grasslands during the rainy season.
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Supplementary Figure 1 | Plots distribution scheme of the treatments control
(CK), surface application of dairy farm effluents with (SNI) and without nitrapyrin (S)
for monitoring biomass and protein crude (A) and flux of gases (B), in a field trial
conducted in 2017 on a permanent pasture in the Alfredo Volio Mata Experimental
Station, Costa Rica.
Supplementary Figure 2 | Ammonium (NH4+ ) (A) and nitrate (NO3− ) (B) soil
content (0–10 cm) from control (CK), dairy farm effluents (S), and dairy farm
effluents plus nitrapyrin (SNI) of a field trial conducted in 2017 on a permanent
pasture in the Alfredo Volio Mata Experimental Station, Costa Rica. Vertical bars
indicate the standard error (n = 5). Arrows indicate the moment when dairy farm
effluents were applied.
Supplementary Table 1 | Potential cumulative ammonia volatilization (NH3) from
control (CK), surface application of DFE with (SNI), and without nitrapyrin (S) of a
field trial conducted in 2017 on a permanent pasture in the Alfredo Volio Mata
Experimental Station, Costa Rica.
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